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Summary
Evolutionary theory predicts that the rate and level
of adaptation will be enhanced in sexual relative to
asexual genomes because sexual recombination fa-
cilitates the elimination of deleterious mutations and
the fixation of beneficial ones by natural selection
[1–3]. To date, the most compelling evidence for this
prediction comes from experimental evolution studies
[4] and from loci completely lacking recombination,
such as those on Y chromosomes [5], which often
show reduced adaptation and even degeneration.
Here, by analyzing replacement and silent DNA poly-
morphism and divergence at 98 loci, I show that re-
combination increases the efficacy of protein adapta-
tion throughout the genome of the fruit fly Drosophila
melanogaster. Genes residing in genomic regions
with reduced recombination rates suffer a greater
load of segregating, mildly deleterious mutations and
fix fewer beneficial mutations than genes residing in
regions with higher recombination rates. These find-
ings suggest that the capacity to respond to natural
selection varies with recombination rate across the
genome, consistent with theory on the evolutionary
advantages of sex and recombination.
Results and Discussion
The physical linkage between loci on the same chromo-
some has important consequences for their evolution-
ary dynamics. Population genetics theory shows that
either positive selection for rare favorable mutations
(causing “hitchhiking;” [6]) or negative selection against
common deleterious ones (causing “background selec-
tion;” [7]) can interfere with selection acting at linked,
neighboring loci [8–10]. The reason is that selection at
one locus increases the variance in reproductive suc-
cess, and thus the strength of genetic drift, of muta-
tions segregating at linked loci. Selection at one locus
can therefore be thought of as reducing the effective
population size, Ne—and hence the efficacy of selec-
tion, a function of Nes (where s is the selection coeffi-
cient)—at linked loci [8, 9]. As a result, probabilities of
fixation are decreased for favorable mutations and in-*Correspondence: dvnp@mail.rochester.edu
3 Present address: Department of Biology, University of Rochester,
Rochester, New York, 14627.creased for deleterious mutations by selection at linked
loci, whereas probabilities of fixation for neutral muta-
tions are unaffected [1, 10–13]. Recombination, by alle-
viating this evolutionary interference among linked loci,
should increase Ne and thereby enhance the efficacy of
natural selection.
In most genomes, local rates of recombination per
physical unit can vary substantially from region to re-
gion, implying that Ne also varies from region to region,
with Ne being depressed by linked selection more in
genomic regions with low recombination rates. This ef-
fect is best illustrated by the correlation seen between
levels of neutral variability (a function of Neu, where u
is the neutral mutation rate) and local recombination
rate in a range of species (reviewed in [14]). We there-
fore expect that selection at linked loci should also af-
fect nonneutral variation: Loci in low-recombination re-
gions should show lower rates and levels of adaptation
than those in high-recombination regions [12, 15–18].
To date, the best evidence for this prediction has come
from experimental evolution systems in which adapta-
tion is compared among recombination and nonrecom-
bination treatments [4] and from molecular population
genetic studies of loci experiencing extreme linkage,
such as organellar loci [19–21], Y chromosome loci [22,
23], and loci from species with high rates of self-fertil-
ization [24].
Here, I use polymorphism and divergence data from
98 protein-coding loci to test whether the local recom-
bination rate affects the rate and level of protein adap-
tation throughout the D. melanogaster genome. Be-
cause the estimates of recombination rate come from
D. melanogaster, I focus on mutations either fixed or
currently segregating in the D. melanogaster lineage. I
use homologous sequences from two related species,
D. simulans and D. yakuba, to polarize changes onto
the branches of the known species phylogeny by parsi-
mony (see Experimental Procedures). To infer the pre-
dominant form of selection, I use McDonald and Kreit-
man’s [25] approach of contrasting polymorphism and
divergence for amino-acid-altering replacement mu-
tations with polymorphism and divergence at non-
amino-acid-altering synonymous mutations, making
the standard assumption that synonymous mutations
are approximately neutral (as appears to be the case in
the D. melanogaster lineage [26, 27]). Under a null
model of strong purifying selection in which all fixed
and segregating replacement mutations are neutral, the
ratio of replacement to synonymous fixations should be
equal to the ratio of replacement to synonymous poly-
morphisms [25, 28]. The pattern will differ, however,
when other forms of selection act on replacement mu-
tations [25]. Under recurrent positive selection, for ex-
ample, we expect an excess of replacement fixations
as beneficial replacement mutations sweep through
populations much faster than neutral ones, accumulat-
ing as fixed differences but contributing little to poly-
morphism. Under negative selection, we expect an ex-
cess of replacement polymorphisms because mildly
deleterious replacement mutations can linger in pop-
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chance of fixation and thus make little contribution to
fixed differences. Such tests, based on contrasts be-
tween polymorphism and divergence data for two
classes of mutation (e.g., replacement versus synony-
mous), can detect relatively weak selection [26] and are
relatively robust to demographic nonequilibrium [25,
29, 30].
For each of the 98 genes, I summarized information
on replacement and synonymous polymorphism and
divergence with Tachida’s summary statistic, Z, where
Z = log10[(FR/FS)/(PR/PS)] and where FR and FS are
fixed replacement and fixed synonymous mutations
and PR and PS are polymorphic replacement and syn-
onymous mutations [31]. Z is thus simply a log trans-
formation of the odds ratio, a standard summary of
contingency data from 2 × 2 tables [32, 33]. Z is positive
when a gene has a history of excess replacement fixa-
tions (positive selection), and Z is negative when a gene
currently harbors excess replacement polymorphisms
(negative selection). For the present sample of genes,
mean Z is slightly positive (0.036), indicating an overall
excess of replacement fixations, consistent with earlier
studies [24, 34, 35]. Other statistics, such as the neu-
trality index [18, 21], that summarize the quantities FR,
FS, PR, and PS yield results similar or identical to those
presented below (not shown). Finally, I considered six
estimators of the local recombination rate, all based on
the relationship between the genetic and cytological
maps of the D. melanogaster genome [36]. In the analy-
ses below, I use the KH93 estimator [36], but none of
the findings depends on the particular estimator used.
Genetic and population data for each of the 98 genes
are provided in Table S1 in the Supplemental Data avail-
able with this article online.
Before proceeding to the test, we first confirm that
local rates of recombination are indeed correlated with
Ne, as measured by the extent of neutral (i.e., silent =
synonymous + noncoding) genetic variability. For each
gene, I estimated from Watterson’s qsil (= 4Neu under
neutral equilibrium), a measure of nucleotide variability,
the number of segregating silent sites in the sample
[37]. As has previously been shown for other data sets
[38, 39], qsil is correlated with recombination rate in the
D. melanogaster genome (Spearman rs = 0.654, p <
0.0001; all probabilities corrected for ties). This correla-
tion is caused either by selection at linked sites (i.e.,
background selection and/or hitchhiking) or by muta-
genic effects of recombination. In D. melanogaster, the
latter explanation can be ruled out because, as pre-
viously shown [38, 40], there is no correlation between
the rates of neutral mutation (with silent divergence,
Ksil, between D. melanogaster and D. simulans as an
index of u) and recombination (rs = −0.112, p = 0.271).
Furthermore, the correlation between neutral polymor-
phism and recombination rate remains after correcting
for interlocus variation in mutation rate by dividing
polymorphism by divergence (Figure 1). Interestingly,
the correlation of recombination rate with qsil and with
qsil/Ksil also holds for autosomal loci sampled from Afri-
can populations (qsil: rs = 0.585, p = 0.0006, n = 35. qsil/
Ksil: rs = 0.628, p = 0.0003, n = 34), a surprising result
given that our knowledge of recombination rates in Afri-
can populations may be obscured by numerous au-
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tigure 1. Silent Variability, Standardized by the Silent Mutation Rate
sil/Ksil, Is Correlated with Local Recombination Rate across the
. melanogaster Genomeosomal inversions, some segregating at appreciable fre-
uencies [41]. These correlations suggest that linked
election causes low-recombination regions in the
. melanogaster genome to behave as though they
ave a lower Ne than higher recombination regions.
We now ask whether variation in recombination rate
ffects the efficacy of natural selection on nonneutral
eplacement mutations. If low-recombination regions
uffer a reduced efficacy of selection, we expect that
enes in these regions should have, on average, (1)
ewer beneficial fixations and (2) more slightly deleteri-
us polymorphisms than genes in higher recombination
egions. Thus, we expect that the average Z should be
ower in low-recombination regions than in high-recom-
ination regions. (It is important to note, though, that
e do not necessarily expect the relationship between
ecombination and Z to be perfectly linear—e.g, the
act that a gene resides in a high-recombination region
oes not necessarily mean that it has a history of posi-
ive selection; see [40].) Consistent with these predic-
ions, Figure 2 shows that mean Z differs significantly
cross recombination environments: Genes in low-
ecombination environments have a negative mean Z
excess replacement polymorphisms), and those in me-
ium- and high-recombination environments have a
ositive mean Z (excess replacement fixations; F2,50 =
.036, p = 0.010, n = 53). This effect is also seen in the
ignificant positive correlation between Z and recombi-
ation rate (r = 0.459, p = 0.0005; Figure S1). Overall,
he correlation between Z and recombination rate is ro-
ust, holding whether we use only African (r = 0.512,
= 0.006, n = 27) or only non-African samples (r =
.363, p = 0.038, n = 33) and regardless of the particular
tatistic used to summarize polymorphism and diver-
ence data (data not shown).
For 45 genes, the ratio statistic Z is undefined be-
ause FR, FS, PR, or PS = 0. To include these genes in
he analysis, I added +1 to all four values (FR, FS, PR,
nd PS) for all genes and recalculated Z to yield a
ransformed statistic, Z*; this transformation is a stan-
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1653Figure 2. The Efficacy of Selection on Replacement Mutations Cor-
relates with Recombination Rate in the D. melanogaster Genome
Mean Z ± standard error is plotted for three bins spanning equal
ranges of recombination rates: Low = 0–1.663 × 10−8 rec/bp/gen;
medium = 1.664–3.327 × 10−8 rec/bp/gen; high = 3.328–4.999 × 10−8
rec/bp/gen. Fisher’s least significant differences among the three
recombination classes are as follows: low versus medium (p =
0.028), low versus high (p = 0.004), and medium versus high (p =
0.617).dard Laplace continuity correction for odds ratios [32,
33, 42] and, for our purposes, is conservative because
it causes all genes to behave more as if under purifying
selection ([32]; see [18, 43] for similar procedures). Even
after transformation, Z* differs significantly across re-
combination environments, as before (F2,95 = 8.345, p =
0.0005, n = 98. Fisher’s PLSD: low versus high, p <
0.0001; low versus medium, p = 0.046; medium versus
high, p = 0.056), and Z* is significantly correlated with
recombination rate (r = 0.375, p = 0.0001; Figure S1). Z
and Z* do not differ between X linked (n = 22) and au-
tosomal loci (n = 76), and the correlations of Z and Z*
with recombination are independent of the X versus au-
tosomal classification (not shown). Finally, the effect of
recombination on protein adaptation in the D. melano-
gaster lineage is also evident in the heterogeneity in the
number of loci with individually significant McDonald-
Kreitman tests (evaluated by log-likelihood tests): three
loci show evidence for negative selection versus zero
for positive selection in low-recombination environ-
ments; zero versus two in medium; and zero versus
three in high (c2 = 8.0, df = 2, p = 0.018). Together, these
results show that recombination increases the efficacy
of positive selection in fixing favorable replacement
mutations and of negative selection in eliminating dele-
terious ones.
I studied the causes of these patterns by separately
examining the effects of recombination on polymor-
phism and divergence. Figure 3A shows that the ratio
of replacement to synonymous divergence, Ka/Ks, is
highest in high-recombination regions, whereas the ra-
tio of replacement to synonymous polymorphism, qa/qs,
is highest in regions of low recombination. The elevated
ratio of replacement to synonymous polymorphism in
low-recombination regions suggests that the efficacyFigure 3. The Distribution on Nonneutral Polymorphism and Diver-
gence Depends on Recombination Rate
(A) Ratio of replacement to synonymous nucleotide variability
(qa/qs) and ratio of replacement to synonymous substitution rates
(Ka/Ks) for genes in different recombination classes.
(B) Polymorphic replacement and silent mutations behave dif-
ferently in different recombination environments: Replacement and
silent frequencies are not different in low-recombination regions but
are significantly different in medium- and high-recombination regions.
Bars indicate means ± standard error.of selection against mildly deleterious replacement mu-
tations is compromised in these regions. To test this
possibility, I studied the frequency distributions of re-
placement and silent mutations in sequences sampled
from African populations. Because Africa is the an-
cestral range of D. melanogaster [44, 45], I limited the
analysis of frequency data to African populations to
minimize heterogeneity from differing geographic sam-
pling schemes and from the effects of the demographic
expansion in the non-African data [46]. The African data
reveal that, genome-wide, the frequency spectrum of
replacement mutations pooled across loci is signifi-
cantly more skewed toward rare alleles (i.e, Tajima’s D
and Fu and Li’s D are more negative; [47–49]) than that
of silent mutations (Table 1), with replacement polymor-
phisms segregating at significantly lower average fre-
quencies (Mann-Whitney, pMW < 0.0001). These find-
ings are consistent with the notion that replacement
polymorphisms are, on average, mildly deleterious [35,
50, 51]. However, these differences in the overall fre-
quency spectra of replacement versus silent mutations
depend on recombination rate: There is no difference
in low-recombination regions, a marginally significant
difference in medium-recombination regions, and a
highly significant difference in high-recombination re-
gions (Table 1). Similarly, the mean frequencies of re-
placement versus silent mutations are not different in
low-recombination regions (Mann-Whitney p = 0.533,MW
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1654Table 1. Comparison of the Frequency Spectra of Replacement and Silent Mutations in Different Recombination Environments across the
D. melanogaster Genome
Loci Statistic Nonsynon. Silent D p value*
All Tajima’s D −0.454 0.007 0.461 0.008
All Fu and Li’s D −0.797 0.092 0.889 <0.001
Low Tajima’s D −0.186 0.211 0.397 0.234
Low Fu and Li’s D −0.525 0.214 0.739 0.170
Medium Tajima’s D −0.548 −0.099 0.449 0.098
Medium Fu and Li’s D −0.947 0.027 0.974 0.038
High Tajima’s D −0.505 0.057 0.562 0.006
High Fu and Li’s D −0.782 0.121 0.903 0.004
* indicates that significance values for differences in Tajima’s D or Fu and Li’s D were determined by coalescent simulation following [49]. All
samples were rescaled to size n = 6 to facilitate comparison of frequencies across loci with different sample sizes. One thousand neutral
genealogies were simulated without recombination (a conservative assumption) and separate nonsynonymous and synonymous values of q
(= 4Neu). For each genealogy, D was estimated for the two classes of mutation, and the difference, D, was calculated. The distribution of
D from the 1000 trees was used to calculate p values.na = 32, nsil = 78) but are significantly different in me-
dium- and high-recombination regions (Figure 3B; in
medium, pMW = 0.005, na = 32, and nsil = 307; in high,
pMW = 0.001, na = 83, and nsil = 389). These results show
that in higher-recombination environments, selection
keeps mildly deleterious replacement mutations at
lower frequencies, whereas in low recombination envi-
ronments, otherwise mildly deleterious replacement
mutations behave no differently than presumably neu-
tral silent ones.
This raises the question of whether the correlation
between protein adaptation and recombination rate is
explained mostly by the excess of mildly deleterious
mutations in low-recombination regions or mostly by a
higher rate of adaptive substitution in high-recombina-
tion regions. If variation in the efficacy of negative se-
lection drives the correlation between Z (or Z*) and
recombination rate, then qa/qs ought to show the
strongest correlation with Z. On the other hand, if varia-
tion in the efficacy of positive selection drives the cor-
relation between Z and recombination rate, then, with
the assumption that the bulk of fixed differences are
favorable, Ka/Ks ought to show the strongest correla-
tion with Z [35]. Both Ka/Ks and qa/qs are significantly
correlated with Z (for Ka/Ks, Spearman rs = 0.383 and
p = 0.0057; for qa/qs, rs = −0.331 and p = 0.0168) and
with Z* (for Ka/Ks, rs = 0.428 and p < 0.0001; for qa/qs,
rs = −0.318 and p = 0.0028), although in opposite in
directions, as expected. Importantly, though, the similar
magnitudes of these correlations suggest that neither
the variation in Ka/Ks nor that in qa/qs is solely responsi-
ble for the correlation between Z and recombination
rate; instead, it seems that recombination rate influ-
ences the efficacy of both positive and negative selec-
tion in D. melanogaster.
The findings presented here have three implications.
First, they are consistent with population genetics the-
ory on the evolutionary advantages of sexual recombi-
nation: Recombination appears to enhance the rate
and the level of protein adaptation in the D. melanogas-
ter genome. Genes in low-recombination regions, on
average, harbor an excess of segregating, slightly dele-
terious mutations and experience low rates of adaptive
evolution, a pattern similar to that seen for mitochon-
drial genes [20, 21]. Thus, the capacity of a locus to
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sespond to natural selection depends in part on its po-
ition in the recombinational landscape [16, 18, 40].
econd, these findings support the notion that adaptive
volution, as inferred from McDonald-Kreitman tests,
ay be more common than we think: If many replace-
ent polymorphisms are mildly deleterious, as the data
uggest, then including them in comparisons of poly-
orphism and divergence leads to an overestimate of
eutral replacement divergence and makes the McDon-
ld-Kreitman test conservative [35, 49]. Third, although
e cannot formally distinguish whether recurrent posi-
ive or recurrent negative selection is the greater source
f interference in protein evolution, the abundance of
eleterious replacement mutations (Figure 2) and of
ransposable-element insertions in low-recombination
egions [52] suggest that there is ample opportunity for
egative (background) selection to cause interference
17, 53]. Conversely, the lower rate of adaptive evolu-
ion (Figures 2 and 3A) and the lack of a generally nega-
ive skew in the frequency distribution of silent muta-
ions in low-recombination regions (Table 1; [54, 55])
uggest that recurrent selective sweeps are not the ma-
or source of interference in low-recombination regions
f the D. melanogaster genome. In closing, it is impor-
ant to note that the 98 genes studied here represent a
iny fraction of the total in the D. melanogaster genome.
t will be important to revisit these questions when poly-
orphism and divergence data become available for all
enes from whole-genome resequencing efforts.
xperimental Procedures
ata
olymorphism and divergence data were compiled for 98 protein-
oding loci located throughout the genome of Drosophila melano-
aster (Table S1). I gathered previously published coding se-
uences for which at least six individuals were sampled from
. melanogaster and one from its sister species, D. simulans. The
ean and median sample sizes of D. melanogaster sequences are
1.3 and 13.1, respectively; the mean and median sample sizes of
frican D. melanogaster sequences are 12.8 and 11.5, respectively;
nd the mean and median sample sizes of non-African D. melano-
aster sequences are 18.9 and 14.5, respectively. Some sequences
ere obtained from GenBank, some from Jody Hey’s website
http://lifesci.rutgers.edu/wheylab/HeylabData.htm), and others
ere kindly provided by John McDonald and Greg Gibson (per-
onal communication). I used BLAST to identify homologous se-
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1655quences from the genome sequence of D. yakuba (Washington Uni-
versity Genome Sequencing Center). Using GadFly version 3.1 of
the D. melanogaster genome for gene annotations, I aligned se-
quences by hand with Se-Al v. 2.0 ([56] and available at http://
evolve.zoo.ox.ac.uk/). More-difficult alignments (e.g., some long in-
tron sequences) were done with DIALIGN 2.2 [57] followed by man-
ual editing.
Analyses
To estimate the numbers of polymorphic and fixed mutations spe-
cific to the D. melanogaster lineage, I used DnaSP v. 3.95 [58],
setting D. simulans and D. yakuba as close and distant outgroups,
respectively [26]. If multiple D. simulans sequences were available,
one was chosen arbitrarily as the outgroup sequence. I estimated
Watterson’s q [37] on the basis of the number of segregating muta-
tions in the sample and used Jukes-Cantor-corrected estimates of
divergence (K).
To test the possibility that the correlations of recombination rate
with Z and with Z* are influenced by the small-sample bias known
to affect odds-ratio inference, I repeated the analysis with only
those loci for which the total number of polymorphisms isR 5 and
the total number of fixations is R 5, following [59]. Even with this
restriction, the correlation between recombination rate and Z is un-
changed (r = 0.451, n = 42, p = 0.0027), and the correlation between
recombination rate with Z* is slightly improved (r = 0.479, n = 55,
p = 0.0002). These analyses confirm that the correlations reported
in the text are not spurious products of small-sample bias.
To compare the frequency spectra of different mutation classes,
I pooled mutations from across loci. Mutation frequencies of all loci
with n > 6 were then rescaled to conform to a common sample size
of n = 6 (the smallest common sample size among the genes used
in the analysis). Rescaling for loci with n > 6 was done by estimat-
ing the mutation frequencies from the full sample and then multiply-
ing by six to yield the expected number of mutant alleles in a sam-
ple of size six. This procedure results in a loss of information
because mutations at extreme frequencies (n << 1/6 and n >> 5/6)
are not included in the sample of polymorphic mutations, and it is
therefore conservative. Replacement and silent mutations are equ-
ally affected by this sampling strategy. Note, however, that analysis
of mean frequencies without this rescaling yields the same conclu-
sions as those in Table 1 (not shown). I estimated Tajima’s D and
Fu and Li’s D [47, 48] for separate mutational classes with Yun-Xin
Fu’s web application (http://hgc.sph.uth.tmc.edu/fu/genealogy/
test2/welcome.html). I then compared estimates of each statistic
for nonsynonymous and silent mutations (synonymous and intron
base changes combined; see Table 1) with the method and soft-
ware of Hahn et al. ([49]; http://www.duke.edu/wmwh3). For each
contrast, I generated 1000 neutral genealogies without recombina-
tion with Hudson’s make_tree program with separate qa and qsil.
For each genealogy simulated, Tajima’s D (and Fu and Li’s D) was
estimated separately for replacement and synonymous mutations,
and the difference, D, was calculated. The distribution of D val-
ues was used to calculate p, the probability of observing a differ-
ence in replacement and synonymous D values as great or greater
than that observed. All probabilities are two tailed.
For the analyses reported, I used local recombination rates
based on Kliman and Hey’s [16] method (KH93) as described in
Hey and Kliman [36]. KH93 is based on four- and five-term polyno-
mials of the relationships between the genetic and physical maps
of each chromosome. I chose KH93 because, for the 98 loci con-
sidered here, it explained more variation in silent q than five other
estimators of local recombination rate. Significant relationships be-
tween levels of protein adaptation and recombination rate, like that
shown in Figure 2 and Figure S1, occur when any of the five dif-
ferent estimators reported in Hey and Kliman [36] or a sixth from
Comeron’s Recomb-Rate v. 1.0 is used [60]. Low-, medium-, and
high-recombination bins were obtained by dividing recombination
rates into three classes, each spanning an equal range of rates (see
Figure 2 legend).
Supplemental Data
Supplemental Data include one figure and one table and are avail-
able at http://www.current-biology.com/cgi/content/full/15/18/1651/
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